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(57) Abstract: A batteiy model for circuit simulation is iHovidedL The batteo^ model comprises a transmission hne type network. 
The network includes a non-standard panicle diat represents physical prq)erties, chemical properties, ionic and atomic transport 
properties, diarge and discharge rates, temperature and history of usage of rechargeable cells. The model can be represented as a 
^ graphical icon within the dicuit simulator The model allows accurate representation of batteiy cells. The model is a modularized 
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Modularized Battery Models for Electronic Circuit Simulators 



5 TECHNICAL FIELD 

This invention relates in general to electronic circuit simulators, and, more speciHcally, 
to electronic circuit simulators which simulate circuits including batteiy cells 

BACKGROUND 

10 Several decades ago, when people designed electronic devices and circuits, the only way 

to determine if an idea actually worked was to physically build and test the circuit in the lab. For 
example, if someone conceived an idea for a new flashlight, one needed connect actual wires to a 
bulb, battery and switches in order to prove that the idea was viable. Thus, a physical prototype 
served as a *test of truth' for any idea. 

15 With the advent of semiconductor devices, electronic circuits became more complex. 

Special test boards called "bread boards'* or "proto boards" were developed to help scientists and 
engineers buUd prototypes. These bread boards were constructed with many electrically 
connected holes, into which parts, wires, switches and the like could be inserted. By pushing 
parts into the holes, the need for solder was eliminated, thereby saving time. Complex circuits 

20 often had wires running in numerous directions and thus resembled the nests built by rats. 
Finished prototype circuits were, in fact, often called "rat's nests". 

Advances in technology created needs for increasingly complex circuits. As the number 
of transistors in a circuit grew into the millions, it became nearly impossible for a person to 
interconnect millions of parts together without making a mistake. It therefore became 
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ccononucally difficult to construct complex prototypes in order to prove the workability of an 
idea. 

The advent of personal computers alleviated this problem. Software programs called 
"simulators*' were written which mathematically modeled electronic devices like transistors, 
switches, capacitors and resistors. Now scientists and engineers could build gready complex 
circuits by writing computer programs called "simulations'*. The simulations could predict 
voltage levels, current levels, and time responses to external stimuli. 

With the development of "windows" type systems, with graphical interfaces, scientists 
and engineers no longer had to write programs to simulate circuits, fostead, one merely "pointed 
and clicked** with a mouse, thereby dragging and icon onto a virtual schematic diagram. For 
example, if one wanted to connect a resistor, they pointed at a symbol that looked like a resistor 
and dragged it onto a piece of virtual paper. They then drew wires with a virtual pen that 
connected the resistor icon in place. The simulator then assembled code from the picture that had 
been drawn, and then simulated the circuit. This is how simulations are still done today. 

Simulations, however, are not perfect. In fact, in order to speed up the computations, 
simplified mathematical models are used. For example, as opposed to carrying out computations 
to 10 decimal places, assumptions of accuracy are made and the machine may acnially only use 
two decimal places. This reduction in computation time allowed simulators to run faster, as 
computing power was limited in the early days of computers. 

Similar approximations are made regarding electrical elements. For example, batteries 
are often modeled as ideal voltage sources. Everyone knows that a real battery will run down and 
die after it has been used extensively. An ideal voltage source lasts indefinitely! Also, real 
batteries contain a limited amount of energy. For instance, it is well known that a car cannot be 
staned with a AA size battery because it does not contain enough energy. Ideal sources, however. 
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Store infinite amounts of energy. For these reasons, ideal sources are generally not good models 
of real batteries. 

With the development of rechargeable batteries, electronic circuits are being designed 
which charge these batteries. TTjese circuits still have to be built by hand and can not be 
5 simulated because ideal sources do not accurately model real battery cells. Physically building 
test circuits is both slow and expensive. 

Some battery models have been created. U.S. Patent 5.428,560, Serge, et al. describes a 
hardware simulator for a battery. The term "hardware" is meant to mean an actual circuit, as 
opposed to a software model. U.S. Patem 4,499,552, Kanazawa, also discloses a hardware 
10 simulation. ITiese hardware models are generally large and complex. Additionally, they do not 
accurately model the chemical reactions that take place within a battery. They are primarily 
designed to provide a physical circuit with power. They are therefore not suitable for accurate 
simulation. 

There is diercfore a need for an electronic circuit simulator model that accurately 
simulates real battery cells. 



BRIEF DESCRIPTION OF THE DRAWINGS 
Figure 1 illustrates the discharge behavior or a power source, a capacitor and a battery. 
Figure 2 is a transmission line type network in accordance with the invention. 
Figure 3 is a schematic diagram of a battery model in accordance with the invention. 
Rgure 4 is a modularized presentation of a particle in accordance with the invention. 
^'^a3^r«e*^^""""*^ °^ ^ example where the invention is charged and discharged at a 

Figure 6 is experimental data of an example where the invention is charged and discharged at a 1 

C rate. ^ 
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Hgure 7 is experimental dau of an example where the invention is loaded with a pulse discharge. 

Figure 8 is experimental data of an example where the invention is loaded with a multi-pulse 
discharge. 

Figure 9 is a table of battery model parameters. 

SUMMARY OF THE INVENTION 
This invention includes a batteiy model for electrical simulators. The battery model is a 
mathematical representation of a real worid rechargeable battery ceU. TTie model is based upon 
physical properties, chemical properties, ionic and atomic transport properties, charge and 
discharge rates, temperamre and history of usage of rechargeable cells. 

The model b constructed by using a transmission Une type network consisting of 
electronic simulator elements including resistors and capacitors. Additionally, a third element, 
referred to herem as a particle, is also included to round out the model. The particle component 
implements known differential equations into the electronic simulator. The transmission line 
networic made of a module that includes two resistors, a capacitor and a particle, is then repeated 
for better accuracy, in order to model the cathode and electrode of a batteiy. A separator is 
modeled in between as a resistor. 

This invention allows circuits including batteries to be modeled accurately in electronic 
simulators, thereby reducing the design cycle time for electrical circuits by achieving realistic 
simulation results. The invention also reduces or eliminates the need for hardware prototype 
builds in die design phase. The battery model is a first principle calculation, which simulates the 
cell electrical behavior from the physical^hemical phenomena that occur within a battery. The 
battery behavior is represents a mathematical model of electrochemical kinetics, ion ttansport 
properties, thermodynamic data and cell specifications. 

TTie invention also includes an icon that can be dragged graphically into a circuit. 
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DETAILED DESCRIPTION OF THE INVENTION 
Portable wireless communication circuit designs depend on the battery performance. 
However, there are no realistic battery models in current, commercially available electronic 
circuit simulators. Most circuit simulations are performed assuming an ideal constant voltage 
power source with no regard for the impact of load current and usage history. In real life, 
portable electronic devices utffize batteries with a finite energy capacity, voltage, and impedance 
characteristics. These characteristics change with current, temperamre, and history of usage. In 
the absence of the present invention, the most accurate way to test a circuit design with batteries 
is to actually build hardware with real batteries. 

It is weU known that the behavior of electrical and electronic components can be 
described quantitatively with mathematical equations. Thus, many sophisticated circuit 
simulation software packages have been developed and now are commercially available for 
circuit design and simulation. Examples of commercially available circuit simulators include 
Advanced Design System (ADS) and Microwave Design System (MDS), manufactured by 
Hewlett Packard. Saber, manufactured by Analogy, and PSpice. manufactured by MicroSim. 

As previously stated, these simulators, ADS, MDS, PSpice or Saber, lack accurate 
models or components to represent batteries. The closest approximation that can be found in the 
simulators are either voltage and current source or capacitors. 

Referring now to figure 1. therein is shown a comparison of the discharge behavior of a 
battery 100. an ideal voltage source 101. and a capacitor 102. TTie vertical axis 103 represents 
voltage, while the horizontal axis 104 represents time. As can be seen, the discharge 
characteristics are remaricably different. The battery discharge curve 100 and the capacitor 
discharge curve both represent finite electrical energy storage devices, which means that the 
voltage eventually reaches zero. However, the capacitor discharge curve 102 is proportional to 
time, while the battery discharge curve 100 is non-linear. The ideal voltage source curve 101 
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represents an "infinite" capacity, as indicated by the fact that the voltage stays constant across 

time. As can clearly be seen in figure 1, neither a capacitor nor an ideal voltage provides an 

accurate representation of a battery. 

In the past, mathematical battery models have been developed by scientists at academic 

institutions. These mathematical models have been written as stand alone programs in common 
computer languages like FORTRAN and C. Such models have been used for gaining a better, 
understanding of the physical and chemical phenomenon associated with a battery. They have 
also been used by cell manufactures as a tool to build better cells. 

These complex, stand alone computer programs are not suitable for electronic simulators, 
as the code generally includes numerous calculations of differential equations. Electronic circuit 
simulators require separate modules and circuit components that must be sequentially connected. 
The academic mathematical programs use continuous analysis and ail equations are solved 
simultaneously. 

This invention is an electronic circuit model that is a modularized mathematical model 
that can be programmed using a circuit simulator's structure and language. This invention breaks 
the continuous matiiematical model into pieces that are digestible by common circuit simulators. 

To better understand tiie invention a brief background of battery parameters is helpful. 
The characteristics of a physical battery are dependent on many parameters. These include, for 
example: 1) Chemistry: Utfiium Ion, Lithium Polymer, nickel metal hydride, and Nickel 
cadmium batteries all exhibit different types of characteristics undercharge and discharge 
conditions. 2) Discharge/Charge rate: Batteries are limited by maximum practical 
discharge/charge rates. The effective battery capacity depends upon this rate. The higher the rate 
is. the smaller the capacity will be. 3) Temperature: The power and capacity of batteries decline 
when the temperature drops. Batteries tend to have a much stronger temperanire dependence than 
do normal electronic components. 4) History of usage: A battery has a limited cycle life. The 
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effective capacity and output voltage are both degralied as the batteiy is cycled (charged and 
discharged) repeatedly. In order to be effective, battery models should represent these 
characteristics. 

As mentioned, mathematical battery models have been developed in academic 
instinitions and the equations governing chemical operation of battery cells are understood. For 
example, T.F. Fuller, M. Doyle and J. Newman, disclosed such a mathematical model in the 
Journal of Hectrochemical Society, Vol. 141, No. 1, page 1, 1994. Similarly, D. Fan and R. 
White disclosed another model in Vol. 138, No. 1, 1991 of the same publication. 

The present invention takes advantage of the accuracy of such mathematical models in 
electronic simulators by constructing them as electronic modularized components and networks. 
In order to achieve the non-standard electrical fimctions, e.g. the differential equations, a particle 
component was created to represent electrode materials and ion transport processes in a real 
battery. The boundary conditions for the differential equations m the mathematical models are 
also represented in the present invention. 

A battery cell typically consists of a cathode, an anode and a separator. The separator is 
generally present, however it is not mandatory. Referring now to figure 3, a battery cell model 

300 consisting of a cathode 301, an anode 302 and a separator 303 are illustrated. The cathode 

301 is the positive electtode and the anode 302 is the negative electrode. The voltage across tfie 
battery cell model 300, as well as other parameters, is dependent upon the electrode material 
systems. 

The electrodes consist of densely packed powder particles that are soaked witfi electtolyte. 
Referring now to figure 2, illustrated therein is a circuit model of a battery in accordance widi the 
present invention. The circuit is represented as a transmission line type network. The basic 
building block 200, which is repeated, consists of a unit solid electrode material resistor, Rs 201; 
a unit liquid electrolyte resistor, RL 204; a unit solid/liquid interface double layer capacitor, Cdl 
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202; and a unit electrochemical reaction parameter. Pa 203. This combination 200 can represent 
either a single electrode material particle or a group of these particles. The components Rs 201, 
RL 204 and Cdl 202 are regular electronic circuit elements, and are available in most circuit 
simulators. The component Pa 203 is a non-standard element that is described by equations 1-6 
that are described in subsequent sections of this description. The values of Rs 201 and RL 204 
depend on the conductivity of the electrode materials and electrolyte, respectively. The number 
of the repeating units 200 is dependent upon the specific battery system as well as the desired 
accuracy of the simulation. In the present invention, both the cathode (301 of figure 3) and the 
anode (302 of figure 3) are represented by the repeated block 200 illustrated in figure 2. The 
separator (303 of figure 3) is represented by a resistor. 

As stated, the model makes use of the mathematical theory of battery cells, via the 
particle element. It is explained as follows: Electrical energy is stored in battery electrode 
materials as chemical energy. In order to achieve high energy density and power density, the 
electrode materials are composed of small particles comprised of atoms of the electrode soaked 
in electrolyte. When the battery is either being charged or discharged, electrons, atoms, and ions 
are transported to/from the surface of the particle where electrochemical reactions take place to 
generate current flow. Therefore, the fundamental element of the battery model is a 
mathematical representation of the ionic or atomic transport processes and reactions in a solid 
particle. 

To illustrate this phenomena, a lithium ion battery will be used as an example. The key 
variable in the calculation is the concentration of lithium in a solid particle. This concentration 
determines the electrode voltage and current rates of change with respect to time. 

The active material is assumed to be made up of spherical particles of radius, R,, with 
diffusion being the mechanism of transport of the lithium into the particle. Establishing a 
coordinate systems with the direction normal to the surface of the particles to be the r-direction. 
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the rate of change in concentration with respect to time can be expressed by the following 
equation: 



dt 



' \d't rdr] 



(1) 



where Cs and Ds represent the concentration and diffusion coefficient of lidiium in the solid 
particle phase. The synimetiy of a sphere sets the following boundary condition: 




The second boundary condition is provided by a relationship between Faraday charge 
transfer current density across the liquid/solid interface.], and the rate of diffusion of lithium 
ions into the surface of insertion material: 



where F is the Faraday constant. 

The open-circuit potential, U, of insertion materials varies with amount of lithium 




r = Rs 



inserted and is expressed by a general function of composition in the particle 



U = Uo + f(Cs) 



(4) 



The Faraday charge transfer current density can be represented by 
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j = io {exp{aF/RT(ii-U)] - exp[-aF/RT(Ti-U)] ) (5) 

where i„ is the exchange current density, a is the charge transfer coefficient, and ii is the 
5 oveipotential that is deHned by 



T1 = 0,.«I>2 



where is the solid phase potential and <t>2 is the electrolyte phase potential. 
D The key to accurate battery simulation is to calculate the lithium concentration that is 

determined by equation 1. In order to solve the Eqns. 1-3. we farther divide a particle into many 
layers, as illustrated in Fig. 4. 

Referring now to figure 4. a layered model 400 of a particle is shown. Here, each module 
402. 403 represents a layer of solid material with unit length and is described by equation 1 
above. The number of the modules depends upon the particular battery system that is being 
simulated, as well as and the desired accuracy of the simulation 

The center layer 404 and surface layer 401 of the module 400 are represented by the 
boundary conditions of equations 2 and 3, respectively. The key variable, lithium concentration. 
Q. is passed from one module to the next one tiirough the connection .405 between the two 
con:q)onents 401,402. 

Many battery parameters, including thermodynamic relationships, kinetic constants 
material parameters, and battery design parameters can be included in the model by the 
programmer who incorporates the model into a circuit simulation package. Additionally, certain 
parameters will be set by the user prior to simulation. A table of these parameters can be seen in 
figure 9. These include a name for tiie battery model, a capacity, and a state of charge. The 



} 



wo 01/15023 J J PCT/USOO/22455 

capacity is a representation of energy, but is usually expressed in terms of Amp-hours, as the 
battery has a specified voltage. The state of charge is a number between 0 and I, with 1 being 
100% charged and 0 being 0% charged. Commonly used batteries could easily be bdlt into a 
library that could be accessed within the simulator. 

The present invention can be incorporated into any. electronic simulator. In the initial 
reduction to practice, the model was constructed in the Saber electronic circuit simulator, 
manufacmred by Analogy. The model was constructed by writing executable code in a nodal 
entry type format. This code was attached to a battery icon such that it could be dragged with a 
mouse into any electrical circuit 

The advantages of the present invention are numerous. First and foremost, the invention 
allows scientists and engineers to simulate electronic circuits with batteries that include a finite 
capacity, initial state of charge, and other physical parameters. Second, the invention allows 
frequency analysis for accurate modeling of pulse charge and discharge circuits. 

The invention further allows accurate analysis of radio frequency circuits, 
microprocessor shutdown circuits, and the like. The invention allows enhanced predictability of 
failure modes as well. 

The present invention includes a battery model that is a first principle calculation. The 
invention simulates the cell electrical behavior from the physical-chemical phenomena which 
occurs within a battery. Battery behavior is accurately represented by a mathematical model of 
electrochemical tanetics. ion transport properties, thermodynamic data and cell specifications. 

The invention may be further understood by way of an example, and further in 
consideration of experimental results of such an example. Using the present invention, the 
electrical behavior of a 9mm Lithium-Ion (U-Ion) battery manufactured by Sony, Inc. was 
simulated. This battery is a typical battery which can be found in cellular phones manufactored 
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by Motorola, Inc. The Saber Simulator running on a Hewlett Packard workstation computer was 
used for the simulation. 

Referring now to figures 5 and 6, the DC charge/discharge behavior of the simulated 
Sony 9mm Li-ion battery is shown therein. This behavior is shown at both a C/3, in figure 5, and 
1 C rate, in figure 6, where C is the rated capacity of the battery in milliamp-hours. In other 
words, where the capacity is 1 Amp-hour, the charging current used to charge and discharge cell 
is 1 Amp, at a 1 C rate, and 1/3 of an Amp at a C/3 rate. These figures show both the acmal 
charge and discharge of a real cell and the simulated results. As can be seen by examining the 
figures, the simulation fits the experimental curves very well. The model fits both high rate (IC) 
and low rate (C/3) behavior with same set of parameters. 

Referring now to figure 7, illustrated therein is the comparison of experimental and 
simulation results for an il(XX) phone pulse oh Sony9mm Li-ion battery. The ilOOO is a digital 
phone manufactured by Motorola, Inc. When a digital phone transmits, it draws a pulsed current 
load from the battery. This is of particular importance, as real batteries exhibit voltage drops 
during high current pulses. Prior art battery models, including, voltage sources, capacitors and 
current sources, were unable to predict the physical response of a real cell. As can be seen in 
figure 7, the present invention models the physical cell. This is a fundamental advantage of the 
present invention over the prior art. 

Referring now to figure 8, illustrated therein is die ilOOO phone's multi-pulse behavior 
on both a real and simulated Sony9mm cell. It can be seen that the simulated pulse discharge 
behavior predicts the performance of the physical cell. 

The computer simulation time for each curve in figures 7 and 8 is less than one minute. It 
can thus be inferred that the cycle time of circuit designs comprising a real battery can be 
significandy reduced by using the present invendon. 
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While the preferred embodiments of the invention have been illustrated and described, it 
is clear that the invention is not so limited. Numerous modifications, changes, variations, 
substitutions, and equivalents will occur to those skilled in the art without departing from the 
spirit and scope of the present invention as defined by the following claims. For example, while 
the invention has been cast as a four component module 200 shown in figure 2, that is stepped 
and repeated, the module consisting of two resistors, a capacitor and a particle, it is contemplated 
that circuit equivalents for this construction, e.g. transistors instead of resistors, would produce 
the same result. 
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What is claimed is: 

1) A battery model for electrical circuit simulators, comprising software code that simulates the 
performance of a real battery. 

2) The battery model of claim 1, wherein the battery comprises a graphical icon on a computer 
display, the icon being movable into a graphical circuit representation. 

3) The battery of claim 1, where in parameters for the software code are selected from the group 
consisting of chemistry, manufacturer, capacity, state of charge, temperature, life cycle, 
conductivity of materials, concentration of electrolyte, exchange current density, diffusion 
coefficients, double layer capacitance, particle size, surface area, density, porosity, electrode 
thickness, separator thickness, and mass ratio. 

4) A battery model for electrical circuit simulators, comprising at least one electrode. 

5) A battery model as in claim 4, wherein one electrode comprises a cathode. 

6) A battery model as in claim 5, wherein the cathode comprises at least one module. 

7) A battery model as in claim 6, wherein the at least one module comprises: 

A) at least one electrode material resistor; 

B) at least one electrolyte resistor; 

C) at least one interface capacitor, and 

D) at least one particle. 

8) A battery model as in claim 7, wherein the at least one particle represents a combination 
atomic and ionic transport processes. 

9) A battery model as in claim 8, wherein the at least one particle further represents differential 
equations. 

10) A battery as in claim 5, wherein one electrode comprises an anode. 

1 1) A battery model as in claim 10, wherein the anode comprises at least one module. 

12) A battery model as in claim 1 1, wherein the at least one module comprises: 
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E) at least one electrode material resistor, 

F) at least one electrolyte resistor, 

G) at least one interface capacitor; and 

H) at least one particle. 

5 13) A battery model as in claim 12, wherein the at least one particle represents a combination 
atomic and ionic transport processes. 

14) A battery model as in claim 13, wherein the at least one particle further represents 
differential equations. 

15) A battery model as in claim 14, farther comprising a separator. 

16) A battery icon for electrical circuit simulators, the icon being representative of a circuit 
comprising at least one electrode. 

17) A battery icon as in claim 16 wherein one electrode comprises a cathode. 

18) A battery icon as in claim 17 wherein one electrode comprises an anode. 

19) A battery icon as in claim 18, wherein the cathode comprises a first at least one module, and 
farther wherein the anode comprises a second at least one module. 

20) A battery icon as in claim 19, wherein the at least one module comprises: 

A) at least one electrode material resistor; 

B) at least one electrolyte resistor; 

C) at least one interface capacitor; and 

D) at least one panicle. 

21) A battery icon as in claim 20, wherein the at least one panicle represents a combination of 
atomic and ionic transpon processes. 

22) A battery icon as in claim 2 1 , farther comprising a separator. 

23) A metiiod for simulating battery circuits, the method comprising the steps of: 
A) Providing an electrical circuit simulator: 



wo 01/15023 16 PCTAJS00tt2455 

B) Providing a batteiy model having a cathode, an anode and a separator; and 

C) Connecting the battery model to an electrical circuit by normal means; 
wherein the battery model will simulate battery behavior represented by physical arui 
chemical reactions. 

24) A method of designing an electronic circuit, comprising: 

A) inputting parameters into a battery model for electronic circuit simulators; 

B) simulating a circuit in an electrical circuit simulator, and 

C) using data from the simulation to design a real circuit. 

25) A module for building a battery for electrical circuit simulators comprising at least one 
element selected from the group consisting of an electrode material resistor, a liquid 
electrolyte resistor, a solid to liquid interface capacitor and an electrochemical reaction 
particle. 
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